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ªKissin' Cousinsº: Intimate Minireview
Plasma Membrane±ER Interactions
Underlie Capacitative Calcium Entry
Role of the IP3 Receptor in Regulating Capacitative
Calcium Entry Channels
In two recent papers from Shmuel Muallem's laboratory,
compelling evidence supports the basic tenet of the
conformational coupling hypothesisÐthat store-oper-
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ated channels are regulated through interaction with an
IP3 receptor. These papers also provide evidence that
a member of the TRP family of channel proteins, TRP-3,
can function as a store-operated channel. The mamma-Ligand-induced generation of intracellular calcium
([Ca21]i) signals in nonexcitable cells involves activation lian TRP proteins, designated as TRP-1 through TRP-6,
are homologs of Drosophila photoreceptor ion channelof phospholipase C and generation of the Ca21-mobiliz-
ing messenger, inositol 1,4,5-trisphosphate (IP3). IP3 acts proteins, TRP and TRPL (for TRP-like), and have been
suggested to function as components of capacitativeby binding to a specific receptor±ion channel on the
endoplasmic reticulum (ER) activating the Ca21-perme- calcium entry channels (Birnbaumer et al., 1996; Putney
and McKay, 1999). However, this hypothesis is by noable channel and thus causing the release of stored
Ca21 to the cytoplasm. This release of Ca21 is closely means proven; in the Drosophila photoreceptor, TRP
likely does not function as a store-operated channel, atfollowed by an influx of Ca21 into the cell across the
plasma membrane (PM). The signal for activation of the least during the acute phase of photoreceptor signaling.
In experiments examining the effects of exogenouslyPM channels does not come from the receptors or their
associated G proteins, nor from IP3, but appears to be expressed mammalian TRP proteins, the proteins have
sometimes appeared to function as store-operateda consequence of the fall of Ca21 within the ER Ca21
stores (Putney, 1986). Thus, the initial steps in the path- channels, but other times as receptor-gated or IP3-gated
channels (Putney and McKay, 1999).way can be bypassed and Ca21 can be discharged pas-
sively by any of several experimental strategies. These In the first of these two papers (Kiselyov et al., 1998),
depletion of intracellular Ca21 stores was shown to acti-include inhibition of the ATP-dependent Ca21 pumps
in the ER or buffering [Ca21]i to very low levels, thus vate single channels in the PM of cells stably transfected
with the gene for human TRP-3. On excision, channelpreventing uptake into the ER, or application of Ca21
ionophores that directly transport Ca21 out of the ER. activity was lost but could be restored by addition of
IP3. With more extensive washing, channel activity couldIn each case, the depletion of Ca21 appears capable of
activating the Ca21 entry pathway and to the full extent only be restored by addition of IP3 and IP3 receptor.
These results suggest that expressed TRP-3 is gatedpossible with the more physiological, IP3-mediated
mechanism. This process is called ªcapacitative calcium by IP3-liganded IP3 receptors. In support of this interpre-
tation, it was shown that the cells stably expressingentryº or ªstore-operated calcium entry.º In recent years
there has been considerable interest and speculation TRP-3 had upregulated expression of the IP3 receptor.
In a more recent study, Kiselyov et al. (1999) transientlyregarding the nature of the channels and the mechanism
linking the depletion of intracellular Ca21 stores to the transfected HEK-293 cells with low levels of TRP-3. This
resulted in weakly constitutive, essentially silent channelactivation of this important Ca21 entry pathway (Ber-
ridge, 1995; Putney, 1997; Barritt, 1999). activity. When the IP3 receptor was cotransfected along
with TRP-3, the channels were again essentially silent;Two general mechanisms for signaling capacitative
calcium entry have been discussed (Barritt, 1999). One however, the combination of TRP-3 and IP3 receptor
substantially augmented responses to either phospholi-involves the generation and release from the ER of a
diffusible signaling factor, sometimes referred to as ªcal- pase C activation, or depletion of stores with the SERCA
inhibitor, thapsigargin. Significantly, when TRP-3 wascium influx factorº or CIF. The alternative suggestion is
that the ER interacts with the PM more directly; the cotransfected with only the soluble N-terminal IP3-bind-
ing domain of the receptor, spontaneous TRP-3 activityªconformational couplingº model, first proposed by Ir-
vine (1990), suggests that the ER IP3 receptor and the was substantially increased, and sensitivity to either
phospholipase C or thapsigargin was lost. Proteins ex-PM calcium channels interact directly. This mechanism
is reminiscent of and in fact was originally based upon pressed from these same constructs restored channel
activity in excised patches, but as previously shown forthe known signaling interaction between the IP3 recep-
tor's functional relative, the ryanodine receptor, and the the full-length IP3 receptor, only in the presence of IP3.
These results indicate that TRP-3 activity is regulateddihydropyridine receptorÐcalcium channel in skeletal
muscle. Initially, the balance of experimental evidence by the IP3 receptor. When the IP3 receptor is associated
with the ER membrane and is capable of sensing theseemed to favor the diffusible messenger model (refer-
ences in Putney, 1997; Barritt, 1999). However, recently elevated Ca21 levels in the lumen of the ER, channel
activation does not occur unless Ca21 stores are firstpublished findings, highlighted in this minireview, now
strongly support the idea of a close, intimate interaction depleted. This Ca21 store-dependent interaction of the
IP3 receptor with TRP channels can provide a minimalbetween the ER Ca21 stores and PM channels, involving
the IP3 receptor and possibly involving a secretory mechanism for signaling capacitative Ca21 entry as first
suggested by Berridge (1995).mechanism.
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There are still issues to be resolved with the conforma- inhibition of capacitative calcium entry. The phospha-
tional coupling mechanism. One problem is the role of tase inhibitor, calyculin A, produced similar effects on
TRP. As pointed out by Kiselyov et al. (1998) the conduc- actin distribution as jasplakinolide and similarly blocked
tance of expressed TRP-3 channels does not match store-operated entry. The sensitivity of store-operated
that of endogenous channels that mediate capacitative entry to phosphatase inhibitors was previously known,
calcium entry. This may indicate that the physiological and it was possible that the effects of phosphatase
composition of the store-operated channels is different inhibition on actin distribution and on calcium entry
from the homotetramers of TRP-3 that are expected in might be unrelated. However, Patterson et al. found that
the transfected cells. Of special concern is the absolute the calyculin A±induced actin polymerization could be
requirement for IP3. Store-depleting agents that do not reversed by the actin polymerization inhibitor, cytocha-
involve activation of phospholipase C, such as thapsi- lasin D, and that cytochalasin D also reversed the inhibi-
gargin and ionomycin, produce full activation of store- tion of capacitative calcium entry. Finally, Patterson et
operated entry. Thus, the apparent absolute require- al. demonstrated that the dense actin layer formed with
ment for IP3 for coupling to TRP implies that the critical jasplakinolide or calyculin A treatment did not act as a
IP3 receptors involved in communicating with PM cal- barrier to diffusion for small molecules because release
cium channels must be at or near saturation with IP3 of Ca21 by a phospholipase C±activating agonist was
under basal, unstimulated conditions. This could occur unimpaired. These findings demonstrate that close
if these IP3 receptor sites are located very close to a physical association between the ER or other cellular
phospholipase C enzyme, such that the concentration
structures and the PM is required for activation of capac-
of IP3, due to basal phospholipase C activity is much itative calcium entry. They also show that this associa-higher than that in the bulk of the cytoplasm. A situation
tion is a reversible one that can efficiently reestablishmight exist as in the Drosophila photoreceptor where
itself once the physical barrier is removed. This require-phospholipase C and TRP are colocalized in a scaf-
ment for a close physical association between the PMfolded signaling complex through interactions with the
might reflect the need for interaction between TRP pro-INAD protein (Chevesich et al., 1997). If in cells exhibiting
teins and IP3 receptors, or might indicate a requirementcapacitative calcium entry, TRP also associates with the
for proximity of secretory vesicles containing calciumIP3 receptor, then the IP3 binding sites would be close
channels to be inserted into the PM.to phospholipase C and could be fully occupied under
These possibilities are not mutually exclusive. A re-resting conditions. If so, then the problem is determining
cent paper by Yao et al. (1999) provides additional evi-how an IP3 receptor that is always saturated with IP3
dence for a necessary close physical association be-could sense depletion of intracellular stores. One possi-
tween the PM and underlying structures and alsobility, suggested by Berridge (1995), is that when TRP
provides evidence for the involvement of proteins knownis complexed with an IP3 receptor the channel is oc-
to mediate secretion in other systems. Yao et al. assayedcluded. Or, IP3 receptors in close apposition to the PM
capacitative calcium entry by examining store deple-may be prevented from opening by interaction with the
tion±activated whole-cell calcium currents in Xenopuslipid precursor of IP3, phosphatidylinositol 4,5-bisphos-
oocytes as well as currents in the membrane underlyingphate, a potent blocker of IP3 receptors (Lupu et al.,
1998). giant patch pipets sealed to the surface of the oocytes.
A Secretion Model for Activation of Store- They found that if the patch pipet was attached to the
Operated Channels cell before depletion of the stores, currents could be
A variation on the direct coupling model for activation observed across the membrane outside of the pipet,
of capacitative calcium entry channels involves the in- but not in the membrane under it. However, if entry
sertion of store-operated channels into the plasma was activated before attachment of the pipet, the store-
membrane via vesicle fusion (Fasolato et al., 1993; So- operated current (ISOC) was observed. They note that the
masundaram et al., 1995; and references in Putney, 1997 process of establishing the seal between the pipet and
and Barritt, 1999). Evidence has also been presented the oocyte surface causes distortion of the cell mem-
that such a mechanism is unlikely to operate in all sys- brane upward into the pipet, which would be expected
tems (cf. Barritt, 1999). Recently, two papers have ap- to displace the PM from underlying structures. Thus the
peared that provide new evidence for the involvement conclusion is similar to that drawn by Patterson et al.Ða
of a secretion-like mechanism in the activation of capac-
close spatial association is required between the PM
itative calcium entry.
and underlying structures for activation of capacitativePatterson et al. (1999) used various toxins and other
calcium entry to occur. In contrast to the findings withspecific probes for cytoskeletal function to assess the
TRP-3-expressing cells, Yao et al. found that once therelationships between the ER, PM, and cytoskeleton
current was activated within the patched membrane, itduring activation of store-operated Ca21 entry. Pat-
was stable following excision. However, this distinctionterson et al. found that cytoskeletal disruption with cyto-
may be only a quantitative one; conceivably, the giantchalasin D did not prevent capacitative calcium entry
patches might retain submembrane structure for longerin DDT1MF-2 smooth muscle cells. However, they also
a period of time than patches excised with conventional-examined the effects of a membrane permeant promoter
sized pipets. Nonetheless, the relative irreversibility ofof actin polymerization, the marine sponge toxin, jas-
activation suggested to the authors a mechanism ofplakinolide. This toxin caused a dense accumulation of
channel insertion that depends on interaction betweenF-actin in the cell periphery with the result that the ER
the PM and underlying structures, but which also de-was structurally displaced some distance away from
the PM. This maneuver resulted in essentially complete pends on specific molecular machinery for reversal.
Minireview
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Thus, they next utilized biochemical and molecular strat-
egies to examine the possible involvement of a secre-
tion-like mechanism in the signaling process.
Previous studies showed that ADP-ribosylation of the
small G protein Rho with C3 transferase from Clostrid-
ium botulinum increased PM levels of glucose transport-
ers and sodium pumps presumably because of the
involvement of Rho in endocytosis (references in Yao
et al., 1999). Yao et al. injected oocytes with C3 trans-
ferase and found that it substantially augmented the
activation of ISOC. Likewise, expression in oocytes of Rho
A and a constitutively active mutant of Rho A signifi-
cantly inhibited ISOC.
Yao et al. also investigated the roles of SNARE pro-
teins in signaling store-operated entry. Most intracellular
fusion events require as common components an N-ethyl-
maleimide-sensitive factor (NSF), and an a-soluble NSF
attachment protein (a-SNAP). These factors, together
with a membrane-associated complex of SNAP receptor
proteins (SNAREs), are believed to be involved in neuro-
secretory vesicle docking and vesicle fusion with the
PM (SoÈ llner et al., 1993). Two SNAREs are associated
with the PM (target SNAREs or t-SNAREs): SNAP-25
(synaptosome-associated protein of MW25) and syn-
taxin. Associated with the secretory vesicle membrane
(vesicle SNARE or v-SNARE) is VAMP (vesicle-associ-
ated membrane protein), also known as synaptobrevin.
These three proteins are believed to come together pre-
ceding and even during membrane fusion when vesicle
secretion occurs. Recent evidence suggests that these
three SNARE proteins form the minimum machinery nec-
essary to induce membrane fusion (Weber et al., 1998).
Figure 1. Models for Coupling Depletion of Intracellular CalciumYao et al. used specific botulinum neurotoxins (BoNTs)
Stores to Activation of PM Capacitative Calcium Entry Channelsthat cleave these proteins; BoNT B, D, F, and G cleave
(Top) A conformational coupling model is depicted similar to thesynaptobrevin, BoNT A and E cleave SNAP-25, and
one proposed by Berridge (1995) following on the original proposalBoNT C1 cleaves syntaxin. Yao et al. injected oocytes
by Irvine (1990). Receptor (R) activation of phospholipase C (PLC)with BoNT A, B, or E. BoNT A, but not B or E, significantly
through an appropriate G protein (G) generates IP3 depleting intra-inhibited ISOC suggesting a role for SNAP-25 in signaling cellular Ca21 stores in the ER. This depletion causes IP3 receptors
store-operated entry in the Xenopus oocyte. (IP3R) to associate with TRP channels in the PM activating the
Yao et al. further investigated the role of SNAP-25 channels. Recent findings suggest that the IP3 receptors involved
in this signaling must be liganded with IP3 for this coupling or channelby generating a series of potential dominant-negative
activation to occur (Kiselyov et al., 1998, 1999). Because this path-C-terminal deletion mutants, following on earlier work
way can be activated in the absence of PLC activation, sufficientin yeast with Sec9p, the yeast SNAP-25 homolog. The
IP3 may be provided under basal conditions by closely associatedRNAs for these mutants were injected into oocytes, and
PLC. This close association between PLC and TRP perhaps may
activation of ISOC was assessed following depletion of involve an as yet uncharacterized protein (?) analogous to INAD in
intracellular Ca21 stores. Full-length SNAP-25 and mu- the Drosophila photoreceptor. Note that the IP3 receptors involved
tants with extensive (41 amino acids) C-terminal dele- in regulating the TRP channels are likely distinct from the population
of IP3 receptors chiefly involved in release of intracellular Ca21 whentions had no effect. Lesser deletions, in the range of 11
IP3 is increased by receptor activation.to 20 amino acids, produced mutants associated with
(Bottom) In an exocytosis model, TRP channels exist in secretoryalmost complete suppression of ISOC. These mutants cor-
vesicles and when stores are depleted by IP3, these vesicles fuserespond reasonably well with the Sec9p mutants with
with the PM allowing inflow of Ca21 through the activated channels.
dominant-negative activity in yeast. From the data of Yao et al. (Yao et al., 1999), secretory SNARE
Signaling Capacitative Calcium Entry: proteins such SNAP-25 may be involved; the identities of other
The Current Picture SNARE proteins in this mechanism are currently uncertain, and in
the model are designated simply as an additional t-SNARE andThe studies of Patterson et al. (1999) and Yao et al.
v-SNARE (see text). To accommodate the data from other recent(1999) argue against a simple, diffusible signal from the
work, the TRP proteins in the secretory vesicles are depicted asER to the PM and suggest rather a mechanism of direct
interacting with ER IP3 receptors that convey information about Ca21interaction between the PM and ER or other underlying
depletion and initiate events leading to fusion.
cellular structure. When the data of Kiselyov et al. (1999)
are considered, a simple conclusion is that this interac-
insertion into the PM of calcium channels, or of compo-tion involves the IP3 receptor of the ER and a PM calcium
nents necessary for their activation. However, as shownchannel, perhaps a member of the TRP channel family.
by a number of studies, including those of Yao et al.On the other hand, the data of Yao et al. may suggest
a potentially more complex mechanism involving the and Patterson et al., cytoskeletal disruption generally
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Kiselyov, K., Mignery, G.A., Zhu, M.X., and Muallem, S. (1999). Mol.has little or no effect on capacitative calcium entry, while
Cell 4, 423±429.most secretory systems are affected by this maneuver
Lupu, V.D., Kaznacheyeva, E., Krishna, U.M., Falck, J.R., and Bez-in either a positive or negative manner. Also, Yao et al.
prozvanny, I. (1998). J. Biol. Chem. 273, 14067±14070.failed to detect an effect of BoNT B or C, yet another
Neher, E. (1993). Nature 363, 497±498.study has shown that these toxins are effective in
Patterson, R.L., van Rossum, D.B., and Gill, D.L. (1999). Cell 98,blocking secretion in Xenopus oocytes (Quick et al.,
487±499.1997). Finally, most secretory systems require calcium
Putney, J.W., Jr. (1986). Cell Calcium 7, 1±12.and are generally activated by rises in cytoplasmic cal-
Putney, J.W., Jr. (1997). Capacitative Calcium Entry (Austin, TX:cium, while capacitative calcium entry is strongly inhib-
Landes Biomedical Publishing).
ited by cytoplasmic calcium. An alternative interpreta-
Putney, J.W., Jr., and McKay, R.R. (1999). Bioessays 21, 38±46.tion of the data of Yao et al. is that proteins involved
Quick, M.W., Corey, J.L., Davidson, N., and Lester, H.A. (1997). J.in secretion in other pathways (or homologs of these
Neurosci. 17, 2967±2979.
proteins) function to facilitate spatial orientation and
SoÈ llner, T., Whitehart, S.W., Brunner, M., Erdjument-Bromage, H.,docking of PM proteins and ER proteins in response to Geromanos, S., Tempst, P., and Rothman, J.E. (1993). Nature 362,
depletion of Ca21 from the critical pools, and this dock- 318±324.
ing occurs in the absence of membrane fusion. Two Somasundaram, B., Norman, J.C., and Mahaut-Smith, M.P. (1995).
working models are depicted in Figure 1. PM channels Biochem. J. 309, 725±729.
may be loosely if at all associated with underlying IP3 Weber, T., Zemelman, B.V., McNew, J.A., Westermann, B., Gmachl,
receptors, depletion of stores then causes these pro- M., Parlati, F., SoÈ llner, T.H., and Rothman, J.E. (1998). Cell 92,
759±772.teins to become more tightly coupled, and the TRP chan-
Yao, Y., Ferrer-Montiel, A.V., Montal, M., and Tsien, R.Y. (1999). Cellnels become activated. To encompass the evidence
98, 475±485.suggesting an exocytotic mechanism, the IP3 receptor
in the ER membrane and TRP in a semidocked vesicle
may be associated, and activation, by Ca21 depletion,
leads to the reversible fusion of the vesicle such that
extracellular Ca21 has access to the open channel.
These proposals are nothing more than attempts to visu-
alize or formalize models that are compatible with the
existing data, and certainly they do not encompass all
possibilities. For example, as discussed by Patterson
et al., one can envision something in between the two
in which vesicles or endoplasmic reticulum and PM in-
teract in a rapid, nonfusing manner, such as the so-
called ªkiss-and-runº mode of secretion (Neher, 1993).
There are obviously still a number of issues to be
resolved with these new findings and these suggested
mechanisms; how are these signaling complexes as-
sembled, and what are the key protein partners that
make this pathway work under physiological condi-
tions? What is the nature of the endogenous calcium
channelÐa heteromultimer of TRP proteins, or a com-
plex of completely different proteins not yet considered?
And despite the strong evidence for a conformational
coupling mechanism in these particular systems, the
possibility that PM channels could be regulated by dif-
fusible messengers in other cellular systems or in other
signaling pathways cannot be ruled out. We may be
entering a new era of research on capacitative calcium
entry when we will learn the important molecular details
of this fascinating and mysterious phenomenon.
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